Derivation of the equations for Figure 1
Red and Ox stand for the reduced form of metal oxide (or metal) and oxidized form of metal oxide, respectively, in the thermochemical cycle. All the thermodynamic properties of the system referenced here are molar quantities.
Here, it is assumed that each reaction is equilibrated at the temperature at which it is occurring, which leads to ! = ! = 0. Further, it is assumed that in the water splitting step, the water and hydrogen partial pressures are identically 0.5 atmosphere, and that the oxygen partial pressure in the thermal reduction is 1 atmosphere.
From equations (3) and (4), isentropic and isenthalpic lines can be generated by substituting the enthalpy and entropy change terms (between the reduced and oxidized states), respectively. The enthalpy and entropy terms are evaluated at different temperatures and pressures in the equations (3) and (4), which are corrected to the reference temperature, ! using (C p 's are typically only weak functions of temperature, and therefore are assumed to independent of temperature in the following derivation):
Substituting (5) and (6) into (3):
Similarly, substituting (5) and (6) into (4):
The isentropic expression can then be obtained by substituting the
term in equation (7) with equation (8). Similarly, the isenthalpic expression can be obtained by substituting the (8) with equation (7).
Isentropic expression:
Isenthalpic Expression:
Thermodynamic data of water, hydrogen and oxygen (Table S1 ) can then be substituted in equations (9) and (10) and T 1 -T 2 plots with specific
! values can be generated using the goal-seek function of the Microsoft Excel program. Thermodynamic expressions (9) and (10) only account for the deviation of reaction temperatures from the reference temperature. The deviation of pressure from the standard conditions should also be taken into account for a more realistic prediction. Equations (11) and (12) are the isentropic and isenthalpic expressions relating T 1 and T 2 with pressure deviations accounted for.
It is assumed in the derivation that the thermodynamic properties of solids are not strongly affected by pressure and the ideal gas law holds for the gases observed, the effect of pressure on enthalpy is negligible:
Under conventional flow reaction setups, the gases formed are often swept off the surface by an inert carrier gas so that the product concentrations are much lower than 100% at 1 atm. Fig. S1 shows the influence of the pressure corrections on the isentropic and isenthalpic lines. Partial pressure of water is set at the saturation vapor pressure at 60 o C (~0.2 atm) and the partial pressure of hydrogen is lower than that of water by a factor of 100 for Fig. S1 . The partial pressure of oxygen in the thermal reduction step is set at 1/100 of the reference pressure (1% of oxygen and 99% of carrier gas) for Fig. S1 . The reaction temperatures (T 1 and T 2 ) for the reported ceria 1 , iron 2 , tin 3 and zinc 4 systems are included in Fig. S1 , all of which are located in the allowed region with pressure corrections. It is clear from Fig. S1 that lower concentrations (partial pressures) of products result in lower isentropic and isenthalpic lines, which enlarge the thermodynamically allowed region but diminish practicality. Fig. S1 . Isenthalpic and isentropic lines relating the temperature of the hydrogen generating step and the thermal reduction step with pressure corrections. Partial pressure of water is set at the saturation vapor pressure at 60 o C (~0.2 atm) and the partial pressure of hydrogen is lower than that of water by a factor of 100. The partial pressure of oxygen in the thermal reduction step is set at 1/100 of the reference pressure. 
